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I. INTRODUCTION
Underwater acoustic (UWA) communication systems have been widely used in various applications in oceanography. For the test, design, and performance analysis of UWA communication systems, the statistical properties of UWA channels in terms of correlation functions, Doppler power spectrum (DPS), and power delay profile (PDP) play an important role. For the performance analysis of UWA communication systems, one usually resorts to computer simulations, which provide a costeffective and powerful tool to assess the system performance. They can also be used to confirm the correctness of theoretical results obtained analytically.
While many researchers are concerned with the PDPs, the DPS have been less developed for UWA channels [1] , [2] . This motivates us to analyze and model the DPS of UWA channels based on Doppler measurements. The Doppler effect in UWA channels is more severe than that in mobile radio channels due to the low speed of sound (1500 m/s), large Doppler frequency shifts with respect to the carrier frequency, and the time-variant characteristics of the surface motion [3] . Therefore, the Doppler effect is indeed a critical issue that affects the performance of UWA communication systems.
In the absence of a standardized model for UWA channels, measurement-based channel modelling is an alternative approach to model the behaviour of real-world UWA channels. However, it is a scenario-specific approach. There are a large number of studies related to the modelling of measurementbased UWA channels. For instance, the distribution of a UWA channel envelope has been reported in [4] , [5] to match the Rayleigh distribution, while in [6] , [7] , it has been shown that the envelope follows the Rice distribution. In addition, the channel envelope may also follow the lognormal distribution as claimed in [8] . These controversial studies show that a realistic UWA channel simulator is necessarily required.
Under the standard assumption of wide-sense stationary uncorrelated scattering (WSSUS), the DPS of UWA channels can be computed by taking the Fourier transform of the autocorrelation function (ACF) of the received signal [9] , [10] . However, the WSSUS assumption may not be valid due to the non-stationary behaviour of UWA channels [1] .
This paper presents a non-stationary time-continuous simulation model for UWA channels with given DPS obtained from measurements. To obtain the experimental data, we launched a campaign to measure a shallow UWA channel, which was used as a starting point for computing the DPS. The proposed channel simulator has been developed such that its statistical properties (average Doppler shift and Doppler spread) match as close as possible those of the measured real-world channel. For the design of measurement-based channel simulators, we need to determine the model parameters, including the path gains, Doppler frequencies, and phase shifts. Our numerical results show that a good fitting between the measured channel and the simulation model can be achieved with respect to the DPS, average Doppler shifts and Doppler spread.
The rest of this paper is organized as follows. In Section II, the time-continuous channel simulation model is presented. Section III describes the measurement scenario. The numerical results are illustrated in Section IV. Finally, the conclusions are drawn in Section V.
II. NON-STATIONARY TIME-CONTINUOUS CHANNEL SIMULATION MODEL
In this section, we develop a non-stationary time-continuous simulation model for UWA channels using a given DPS. First, the given DPS is presented and then the complex channel gain of the channel simulator is proposed.
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A. Given DPS
In the measurement, we assume that the received signal has been stored after each snapshot interval. It is also assumed that the UWA channel is quasi-stationary during each snapshot interval. For the th snapshot interval of duration , the DPŠ ( ) ( , ) of the measured UWA channel can be computed aš
for ∈ [ , +1 ) and = 0, 1, 2, . . . , −1. The time interval is defined as = 0 + and 0 equals /2. The parameter denotes the number of snapshots intervals, and thus, the measurement duration mes is determined by mes = . The parameters ( ) and ( ) denote, respectively, the path gain and Doppler shift of the th received multipath component for the th snapshot. The quantity stands for the number of multipath components in each snapshot. The proof of (1) is provided in the Appendix.
B. Complex Channel Gain
In this paper, we adopt a channel simulation model with complex channel gain˜( ) based on a sum-of-cisoids uncorrelated scattering (SOCUS) model [11] , which is an appropriate channel model for a large class of wideband measured channels under non-isotropic scattering conditions. However, unlike the conventional SOCUS model, the channel gains are time-variant. In the proposed simulation model, for each Doppler shift , we compute time-continuous gains ( ) ( ) between two consecutive snapshot intervals. The complex channel gain˜( ) of the non-stationary simulation model can be obtained by˜(
where the th complex channel gain˜( ) ( ) is given bỹ
for ∈ [ , +1 ), where the Doppler frequencies are obtained from the measurement data, and the phase shifts are unknown and will consequently be modelled as random variables with uniform distribution over (0 
for
C. The Spectrogram of the Simulation Model
The spectrogram˜( , ) of the simulation model can be obtained by applying the concept of the spectrogram presented in [13] . The spectrogram has been widely used for analyzing time-variant signals and both stationary and non-stationary processes. In addition, the spectrogram provides variation of the spectral density of a signal (or stochastic process) over time. The spectrogram of a time-varying signal is computed by dividing the signal into overlapping shorter signals and then computing the squared absolute value of the Fourier transform of the short-time signal. However, the spectrogram suffers from a term named cross-term, which is time-variant and depends on the phases. More detailed analysis of the spectrogram can be found in [13] . Let ℎ( ) denote an even and positive window function of the form
where the parameter stands for the window length and the function rect(⋅) is the rectangular function. The energy of the window function ℎ( ) has been normalized to unity, i.e., 
D. Characteristic Quantities
In analogy to [12, Eqs. (7.155 ) and (7.156)], the timevariant average Doppler shift˜( 1) ( ) and the time-variant delay spread˜( 2) ( ) of the SOCUS simulation model are defined by the first moment of the spectrogram˜( , ) and the square root of the second central moment of the spectrogram˜( , ) as
and˜(
respectively. Analogously, the time-variant average Doppler shiftˇ( 1) ( ) and the time-variant delay spreadˇ( 2) ( ) of the measured UWA channel can be computed by
andˇ(
respectively for ∈ [ , +1 ). To study the influence of the parameter ′ on the performance of the channel simulator, two error functions (1) ( ′ ) and (2) ( ′ ) are considered as
and
respectively.
III. MEASUREMENT SCENARIO
To obtain the experimental data, we launched a measurement campaign in West Lake, Hanoi, Vietnam, in June 2016. The measured data was used as a starting point for computing the time-variant DPSˇ( , ) of UWA channel. The water depth was about 2.5 m and the transducer and hydrophone were secured at a depth of 1.5 m. The single-input singleoutput (SISO) channel measurements were performed at a carrier frequency of 12 kHz and a signal bandwidth of 4 kHz. The measurement data was collected for two different scenarios. In the first measurement scenario, the initial distance between the receiver and the transmitter was 50 m. Then, the receiver moved away from the fixed transmitter at a speed of about v = 0.5 m/s and stopped after travelling 50 m. In the second measurement scenario, the receiver was 100 m away from the fixed transmitter. Then, the receiver moved towards the transmitter at a speed of about v = 0.5 m/s and stopped after passing 50 m.
IV. NUMERICAL RESULTS
In this section, we analyse the statistical properties of the measured UWA channel. Our aim is to develop a nonstationary channel simulation model based on measured DPSs. The performance of the channel simulator has been analyzed by comparing its statistical quantities, including the timevariant average Doppler shift and time-variant Doppler spread, with the corresponding statistical quantities of the measured UWA channel.
The UWA channel has been measured by = 20 snapshots for the first scenario with a snapshot interval of = 5 s. Hence, the measurement duration mes of the first scenario was 100 s. In the second scenario, the channel was measured by = 24 snapshots, each one again with the snapshot interval of = 5 s, i.e., the measurement duration was equal to mes = 120 s.
From the results shown in Figs. 1 and 2 , we can conclude that by increasing the number of cisoids ′ , the error functions in (11) and (12) decrease. As a trade-off between complexity and accuracy, the number of cisoids ′ in the simulation setup has been set to 80 . The window size of the spectrogram has been set to 5 s. The results of the assessment show an excellent match between the measured UWA channel and the corresponding simulation model with respect to the time-variant average Doppler shifts
(1) ( ) obtained for the first scenario and second scenario, as illustrated in Figs. 7 and 8, respectively. As can be seen, unlike stationary channels, the average Doppler shifts change considerably during the measurement duration mes . Fig. 9 shows a comparison between the time-variant Doppler spread˜( 2) ( ) of the simulation model and that of the measured UWA channel of the first scenario according to (8) and (10), respectively. With reference to this figure, the time-variant Doppler spread of the simulation model follows closely that of the measured UWA channel. We also analysed the time-variant Doppler spread of the UWA channel for the second scenario as depicted in Fig. 10 . As can be seen, a good match has been achieved between the measured UWA channel and the simulation model.
V. CONCLUSION
In this paper, we have presented a non-stationary timecontinuous simulation model for UWA channels by means of 
APPENDIX
This Appendix presents the proof of (1). The UWA channel is excited by the signal ( ) described by an amplitude , a carrier frequency , and a phase as
We assume that the UWA channel is quasi-stationary during each snapshot, and its time-variant channel impulse responsě ℎ ( ) ( ′ , ) can be presented by
for = 0, 1, . . . , − 1. The parameter ′ stands for the propagation delay of the th received component. The received signal ( ) ( ) of the th snapshot can be computed as
The ACFˇ( ) ( ) of ( ) ( ) can be computed by
